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Impaired tubulogenesis of cyst-derived cells from autosomal dominant
polycystic kidneys. Under appropriate growth factor or hormonal influ-
ence, renal epithelial cells cultured in collagen gels form branching tubular
elements, reminiscent of metanephric tubulogenesis. This study evaluates
the phenotypic characteristics of normal human renal epithelial cells (NK)
and epithelial cells from cysts of autosomal dominant polycystic kidneys
(ADPKD) grown in collagen gels under the influence of the growth factors
(GFs) epidermal (EGF), transforming (TGF-a), hepatocyte (HGF) and
fibroblast (FGF). All GFs induced cell proliferation with the formation of
cell aggregates in both group of cells, however, NK cells exhibited
proliferation at a much higher rate compared to ADPKD. All GFs
induced formation of branching tubular elements with cell-polarity char-
acteristics in NK cells. Such organized tubular elements were essentially
absent in ADPKD cell cultures. Both NK and ADPKD cells expressed cell
adhesion and matrix macromolecules. Expression of heparan sulfate-
proteoglycan was diminished but enhanced for fibronectin in ADPKD
cells. Receptor expression for EUF and FGF was similar. These findings
indicate an impairment in tubulogenesis of ADPKD cells, perhaps related
to the aberrant morphogenetic cell aggregation. Alternatively, this differ-
entiation arrest may relate to abnormal biosynthesis of secretory matrix
glycoproteins rather than those expressed on the plasmalemma.
Polycystic kidney disease (PKD) manifests as bilateral renal
enlargement related to tubular dysmorphogenesis. The hallmark
of the disease is the formation of gigantic cystic expansions of the
tubules [1—4]. Under normal conditions, cell-matrix interactions
are essential for the maintenance of normal morphology and
polarity of tubular epithelium [5, 6]. Perturbance in these biologic
processes would be expected to result in tubular dysmorphogen-
esis. The role of cell-matrix interactions in epithelial cell morpho-
genesis has been studied using Madin-Darby canine cells
(MDCK) grown in collagen gels and suspension culture [7]. Based
on these analyses sequential steps in the morphogenesis of renal
tubular cysts and polarization of their epithelia have been eluci-
dated [7]. These steps include initial aggregation of cells followed
by the formation of a monolayer of polarized cells with a central
lumen. Cell aggregation with cell-cell contact is sufficient to
segregate apical (gp135) and basolateral (Na,K-ATPase) protein
markers to distinct plasmalemmal domains. Subsequent progres-
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sion of epithelial development coincides with the localization of
ZO-1, a tight junctional marker protein, to the apex of the lateral
membrane, and appears to require development of a basal lamina
(laminin and type IV collagen) and initiation of cell-matrix
interactions; as a result, an epithelial axis and central fluid-filled
lumen are established [81. Recent studies have shown that MDCK
cells form branching tubular arrays when grown in the presence of
fibroblasts that secrete hepatocyte growth factor [9]. The forma-
tion of tubular arrays is abrogated with the treatment of anti-
hepatocyte growth factor (HGF) antibody [9], implicating its role
in the morphogenesis of tubules during embryonic development
and in the maintenance of their normal morphological character-
istics in adult life.
A number of tubular cell and matrix changes have been found
in PKD, and, conceivably, the defective cell-matrix interactions
are relevant in the evolution of cystic lesions [1, 10, 11]. Cell-
matrix interactions are reciprocal: the cell plays a major role in the
synthesis and degradation of various matrix macromolecules,
while signals generated by individual matrix glycoproteins affect
cell division, motility, shape, differentiation and gene expression
[12]. A proper balance in these interactions not only maintains
normal morphology but also various physiological characteristics
related to the state of differentiation of the tubular epithelium,
such as, vectorial transport of ions and water [13, 14]. With respect
to biologic precepts alluded to above, the following cell and matrix
changes have been described in the various types of PKD:
impaired cell differentiation [15—17]; accentuated oncogene ex-
pression [18]; altered biosynthesis and post-translational modifi-
cation of certain matrix glycoproteins [1]; delayed processing of
sulfated glycoproteins in the Golgi saccules [1]; mislocalization of
certain plasmalemmal glycoproteins [19, 20]; sustained secretion
of water and solutes [21]; anomalous expression of cell adhesion
molecules [22] and defective biochemical and structural compo-
sition of the matrix [reviewed in 1]. Despite the elucidation of
several forms of biochemical alterations, the relationship between
these abnormalities and dysmorphogenesis of the tubules remains
obscure.
In this study we assessed the affect of certain growth factors,
which apparently are considered developmental modulators of the
morphogenesis of the kidney very early in embryonic life. It is
anticipated that the information generated may yield certain
insights into the aberrations of various differentiation processes
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involving epithelial cells isolated from cysts of autosomal domi-
nant polycystic kidneys (ADPKD).
Methods
Cell culture
Methods were developed to harvest a large number of cells
from ADPKD and normal human kidneys in order to perform
studies during first or second cell passages [23]. Briefly, the cysts
were dissected from kidneys and the inner lining, consisting of
epithelial cells and the basement membrane, was separated from
the overlying renal capsule and interstitium. The cystic tissue or
small pieces of normal kidney (control) were finely minced with a
sterile razor blade, and treated with an enzymatic solution con-
taining collagenase (500 U/mI, Worthington Biochemicals, Free-
hold, NJ, USA), hyaluronidase (750 U/ml) and DNAase (40 U/ml,
Sigma Chemical Co., St. Louis, MO, USA). After a brief rinse
with phosphate buffer saline (PBS, pH 7.4), the cells were passed
through a nylon mesh and seeded on rat tail collagen/fetal calf
serum coated dishes. Cells were propagated and passaged in a
complete growth medium (DME-F12, Sigma Chemical Co.) sup-
plemented with 10% plasma. Plasma was derived from equine
serum which lacks platelet-derived growth factor and does not
support the growth of interstitial cells. Both the cystic and normal
cells grew as monolayers and formed domes. Essentially, 100% of
the cells were keratin-positive by immunoperoxidase and flow
cytometry techniques using specific antikeratin antibodies [23].
Three-dimensional culture system
A two-layer collagen gel system was used consisting of a
cell-free bottom layer, and NK or ADPKD cells containing top
layer. A stock solution of collagen was prepared by combining 1
part of lOx PBS, 1 part 0.1 N NaOH and 8 parts rat tail collagen
(UBI, 4 mg/mi) and kept on ice to prevent gelling. Equal amounts
of the stock collagen solution (400 gil) and DME-F12 medium
(400 jil), supplemented with 10% FBS, were added into each well
of the 12-well (16 mm) plates (Falcon Co.), and allowed to gelate
at 37°C for 30 mm. The top layer of each well, containing NK or
ADPKD cells, was prepared by combining equal amounts of cells
suspended in DME-F12 medium (500 d, 200,000 cells/ml) and
stock collagen solution (500 iLl), and the gels were solidified at
37°C for 30 minutes. One ml of DME-F12 was added onto the top
layer and the culture was maintained at 37°C in a humidified
incubator with 5% CO2 + 95% atmospheric air. The medium was
changed eveiy 48 hours.
NK or ADPKD cells in collagen gels were grown in the absence
(control) or presence of various growth factors (GFs; Collabora-
tive Research Laboratories). Following concentrations of GFs in
DME/F12 were used: EGF 10 ng/ml, TGF-a 10 ng/ml, HGF 25
ng/ml and FGF 10 ng/ml. In addition, the two combinations EGF
10 ng/ml + TGF-a 10 ng/ml and EGF 10 ng/ml + HGF 25 ng/ml
were used.
The cultures were maintained for 13 days. The culture media
was aspirated, gels were rinsed several times with PBS and
immersed in 3.7% bufferred formaldehyde solution and processed
for histologic examination. Multiple 4 iLm-thick sections were
prepared across the entire horizontal plane of the cell layer,
stained with hematoxylin and eosin, and then photographed. The
gels were immersed in Karnovsky fomaldehyde-glutaraldehyde
fixative and processed for electron microscopy. Additional 30
iLm-thick light microscopic sections were also prepared for mor-
phometric analyses.
Morphometric analyses
Cells from three NK and three ADPKD kidneys were assessed.
Three gel cultures were analyzed morphometrically for each NK
or ADPKD cell sample grown in the absence (control) or
presence of various growth factors. To enumerate cells and cell
aggregates, serial images of areas covering an entire histological
section of the gel culture were recorded with a CCD camera,
captured by an image grabber and analyzed by Ultimage-X using
a program written with Labview. Tubular and branching tubular
elements were enumerated visually in the entire area covering the
whole histological section of the gel.
Quantitation of DNA
Approximately 100,000 NK or ADPKD cells were seeded per
well in a collagen gel as described above, and were incubated with
DME-F12 containing EGF 10 ng/ml. The cells were harvested at
day 0, 7th and 13th days of the culture, and total DNA was
determined from cells harvested from four wells each of NK and
ADPKD cells [241. Briefly, collagen gels were liquified with
collagenase (20 U/mi) at 37°C. The cells were rinsed with PBS,
sonicated in PBS containing 2 M NaC1 and 2 mrvi EDTA, mi-
crofuged, and the supernatant saved An equal volume of Gisbenz-
imidazole reagent (H33258, Hoechst) was added to the superna-
tant. Fluorescence readings were recorded with a Perkin-Elmer
LS-5B Luminescence Spectrometer and plotted against a curve
generated from calf thymus DNA standards (Calbiochem).
Immunocytochemistty
NK or ADPKI cell suspensions (100,000 cells/ml) in half
strength stock collagen solution were prepared on ice, and 1 ml of
cell suspension was delivered to the inner compartment of a cell
culture insert (Transwell COL, Costar, Cambridge, MA, USA).
The insert was then placed in a 12-well tissue culture plate at 37°C
for 30 minutes to allow gel solidification. Complete culture
medium containing EGF (10 nglml) was then added to the inner
(0.5 ml) and outer (1.0 ml) compartments of the cell culture
insert, and the latter was placed at 37°C in a humidified incubator
with 5% CO2 + 95% atmospheric air. Media was changed evely
48 hours. After 13 days, gels were removed from the cell culture
insert, washed with PBS and bisected. One half was fixed with PLP
fixative for immunohistochemistry, and the other half was cut into
small 1 mm3 pieces, immersed in paraformaldehyde-glutaralde-
hyde and processed for electron microscopy. The PLP fixed gels
were processed through solutions with increasing sucrose concen-
trations (10%, 15%, 20%, 30%) for two hours at 22°C. They were
then snap-frozen in OTC compound (Polysciences Co.) and 4
iLm-thick cryostat sections prepared. The sections were collected
on glass slides precoated with 1 mg/mi solution of poly-L glycine.
Well-characterized antibodies were used in this study. They
were diluted in 1% BSA in PBS as follows: rabbit anti-canine
kidney n-subunit Na,K-ATPase (1:100) [251, rabbit anti-rat hepa-
ran sulfate-proteoglycan core protein (1:100) [26], rabbit anti-
human laminin (1:50) (Collaborative Research), rabbit anti-hu-
man type IV collagen (1:50) (Collaborative Research), rabbit
anti-human serum fibronectin (1:200) (Collaborative Research),
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rabbit anti-canine kidney uvomorulin (1:200) [27], sheep anti-
human EOF receptor (1:50) and rabbit anti-human FOF receptor
(1:50) (UBI).
Cryostat sections were incubated with primary antibody for 30
minutes in a humidified chamber at 22°C, washed with PBS
containing 0.1% BSA. The sections were then either incubated
with fluorescein-conjugated goat anti-rabbit or rabbit anti-sheep
immunoglobulin (Organon Teknika Co.) for 30 minutes at 22°C
with a dilution of 1:50. After thorough washing with PBS, the
sections were mounted with glass cover-slips and examined with
an ultraviolet microscope (Carl Zeiss) equipped with epi-illiumi-
nation.
Statistical analyses
A t-test was used to compare differences among groups. Signif-
icance was defined as P C 0.05.
Results
Formation of cell aggregates, tubules and branching tubules in
collagen gels
In comparison to control cells grown in the absence of OFs, NK
and PKD cells grown in EOP, HOP, TOP-a, FOP or POP in
combination with TOP-a or HOP showed an increase in the cell
growth over a period of 14 day period (Pig. 1). However, the
increase in number of NK cells grown in the presence of HOP or
POP did not attain statistical significance (Pig. 1). In general, the
proliferative response was relatively less in PKD cells as compared
to NK cells. POP alone or in combination with HOP induced the
highest increase in the number of NK cells, while POP alone
induced the greatest increase in the number of PKD cells (Pig. 1).
A notable increase in the DNA content was also observed in
collagen gel cultures of NK cells exposed to POP (Pig. 2). In
contrast, a very small increase in the DNA content was observed
in PKD cells treated with EOP (Pig. 2). NK cells exhibit a DNA
doubling time of 14 days in control media,but in the presence of
EOP total DNA of NK cells had increased sevenfold by day 14
(Pig. 2). Taken together, these findings indicate that the growth
response of NK cells is greater than PKD cells in collagen gels
either in the absence or presence of exogenously added OPs.
In collagen gels, both NK and PKD cells established cell-cell
contacts and formed cell aggregates in control media either in the
absence or presence of OPs (Pig. 3). For NK cells, all OPs except
POP significantly increased the number of cell aggregates, and the
combined effect of POP + HOP appeared to be additive (Pig. 3).
Por PKD cells, all OPs except HOP and POP significantly
increased the number of cell aggregates, and the combined effect
of POP + TOP-a or POP + HOP was not additive (Pig. 3).
In collagen gels, NK cell aggregates established an epithelial
axis and formed tubular and branching tubular structures (Pigs. 4,
5 and 6). PKD cell aggregates in collagen gel formed less than 1
tubular element per gel (dish) and had no branching tubular
characteristics. All OPs significantly increased the number of
tubular elements formed by NK cells, and the combined effect of
EOP + TOP-a or POP + HOP was not additive (Pig. 4).
Similarly, all OPs significantly increased the number of branching
tubular elements formed by NK cells and an additive effect of
EOP + TOP-a or POP + HOP was not observed (Pig. 5). Thus,
in collagen gels, PKD cells exhibit a notable impairment to form
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tubules, and this observation led us to evaluate the cell biological
characteristics of NK vs ADPKD cells in collagen gels.
Expression of cell adhesion and ECM proteins
Cell aggregates and tubules of both NK and PKD cells ex-
pressed the CC-dependent cell adhesion protein uvomorulin.
Immunoreactivity for uvomorulin was localized to the entire cell
membrane in cell aggregates but was more prominent in lateral
cell membranes in tubules (Pig. 7). Laminin was localized to the
basal (outer) aspect of cell aggregates and tubules of both NK and
PKD cells (Pig. 8). In NK cells, immunoreactivity of basal lamina
A
* T
T
*
*
•1,
n
B
50000
40000
30000
0
ci)
20000
10000
0
10000
8000
a)
2 6000
0
ci)
4000
2000
0 ZLJLL. aLi LL000LLOLLOowrou-oI- tUu0ow
w
Fig. 1. Total number of NK (A) or PKD (B) cells in collagen gels in the
absence (control, CON) or presence of various growth factors. Values are
mean sE; *p < 0.05 vs. control.
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Fig. 2. Total DNA/DISH of NK or PKDcells in collagen gels in the absence
(control, CON) orpresence of EGF. Values are mean SE; P < 0.05 vs.
control.
was more intense in larger aggregates and tubular structures (Fig.
8). Type IV collagen and heparan sulfate proteoglycans (HS-PG)
were localized to the basal membrane of both NK and PKD
tubules (Fig. 8). Compared to NK, HS-PG reactivity in basal
membranes of PKD tubules was less intense, and appeared to be
discontinuous. The interstitium around both NK and PKD tubules
showed prominent reactivity for fibronectin, and it was distinctly
more intense for PKD tubules (Fig. 8).
Cell polarity markers
Na,K-ATPase was expressed in the cell aggregates and tubules
of both NK and PKD cells. The immunoreactivity was seen over
the entire cell membrane in cell clusters, but was largely localized
to lateral and basal cell membranes of the tubules (Fig. 7). In
tubules, Na,K-ATPase was localized to some apical membranes
(Fig. 7), and this was more common in PKDcells. In both NK and
PKD tubules or cell aggregates, immunoreactivity for fodrin was
localized to apical and lateral and basal cell membranes (Fig. 7).
Growth factor receptors
In cell aggregates of NK and PKD cells EGF-R localized to the
entire cell membrane (Fig. 7). In tubules of NK cells, EGF-R was
localized mainly to lateral and basal membranes. In the rare PKD
tubular structures, EGF-R localized to basal and lateral mem-
branes and also to some apical membranes. In NK and PKDcell
aggregates and tubules, the pattern of localization of FGF-R to
cell membranes was the same as EGF-R (not shown).
Light and electronmicroscopy
By light microscopy, NK cells in collagen gels formed numerous
tubular and branching tubular structures lined by a cell monolayer
(Fig. 9). PKD cells formed many cell aggregates of variable size
(Fig. 9), and rare small tubular elements, Ultrastructurally, single
PKD cells in collagen gel compared to NK cells had less differ-
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Fig. 3. Total number of NK (A) or PKD (B) cell aggregates in collagen gels
in the absence (control, CON) or presence of various growth factors. Values
are mean SE; < 0.05 vs. control.
entiated features such as fewer surface microvilli and larger nuclei
with prominent nucleoli (Fig. 10). Both NK and PKD tubular
structures had the ultrastructural features of polarized epithelia
with tight junctions, apical and basolateral membrane domains
and basal lamina.
Discussion
The findings of this study indicate a retardation in the growth
and structural polarization of ADPKD cells to form branching
tubules in three-dimensional collagen gel network. It has been
shown that EGF and TGF-a were required for tubulogenesis of
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baby mouse kidney cells in matrigel cultures in serum-free me-
dium [28] and of human renal cortex epithelial cells in collagen
gels [29]. Failure of ADPKD cells to populate the collagen gels
with tubular and branching tubular arrays may suggest an aber-
ration in the ability of these cells to respond to the matrix.
Conceivably, there may be abnormalities in the biosynthesis and
turnover of certain ECM glycoproteins, which apparently inter-
fere with the progression of cells to form mature tubular epithelia
with well-defined cell polarity characteristics.
In a manner analogous to in vivo milieu, a proper balance
between the synthesis and degradation of ECM macromolecules
is essential to maintain cell growth, the formation of cell aggre-
gates, and the expansion of tubular structures in three-dimen-
sional matrices. Conceivably, defective enzymatic degradation of
matrix components to accommodate the developing structural
elements could impede the differentiation of ADPKDcells. In this
scenario, ADPKD elaborate decreased amounts of collagenase(s)
or excessively synthesized collagenase inhibitory substances com-
pared to NK cells [30]. With regard to the latter possibility, it has
been shown that addition of a synthetic collagenase inhibitor into
the collagen gels results in the failure of MDCK cells to form
branching tubules, although cyst formation progresses normally
[9]. Whether ADPKD cells have such enzymatic defect(s) related
to the turnover of ECM glycoproteins would be the subject matter
for future investigations.
There is strong support from previous studies that there is a
defect in the biosynthesis of certain matrix macromolecules in
ADPKD cells. Various ECM macromolecules, [laminin, type IV
collagen and heparan sulfate-proteoglycan (HS-PG)] are major
constituents of renal tubular basal lamina. They, along with other
ECM glycoproteins, are sequentially expressed during morpho-
genesis of tubules in metanephric development subsequent to the
induction of undifferentiated mesenchymal cells by the ureteric
bud epithelium. In the present study, laminin and type IV collagen
were expressed normally even in the cell aggregates of NK and
ADPKD cells in which tubular morphogenesis has not yet com-
menced. In the differentiated tubular structures formed by NK
cells, HS-PG was localized to the basal lamina as a continuous
scaffold. In the rare tubular structures formed by ADPKD cells,
HS-PG immunoreactivity in the basal lamina scaffold was rela-
tively less intense, and had a discontinuous distribution. These
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Fig. 6. Tubular (open arrows) and branching tubular structures (closed
arrows) formed by ADPKD cells in collagen gel for 13 days in the presence of
EGF, Phase contrast photomicrograph (X60).
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Fig. 4. Total number of NK tubular structures in collagen gels in the absence
(control, CON) and presence of various growth factors. Values are mean
SE; < 0.05 vs. control.
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Fig. 5. Total number of NK branching tubular structures in collagen gels in
the absence (control, CON) and presence of various growth factors. Values
are mean SE; P < 0.05 vs. control.
NK PKD
Fig. 7. Immunofluorescence localization of cell membrane proteins in NK
and PKD cell aggregates and tubular structures in collagen gels. Uvomorulin:
lateral cell membrane localization in a small NK tubule; lateral and basal
cell membrane localization in a PKD cell aggregate/tubule. Na,K-ATPase:
lateral and occasional basal and apical (arrows) cell membrane localiza-
tion in a NK tubule; global cell membrane localization in 2 PKD cell
aggregates; Fodrin: apical, lateral and basal cell membrane localization in
a NK tubule; global cell membrane localization in a PKD cell aggregate.
EGF-R: lateral and basal cell membrane localization in a NK tubule;
global cell membrane localization in a PKD cell aggregate (X 160).
results agree with the previous findings where defective biosyn-
thesis of proteoglycans was observed [1]. Presumably, this bio-
chemical defect persisted in the collagen gel conditions, and thus
may account for the decrease immunoreactivity of anti-HS-PG in
basal lamina of ADPKD versus NK tubular structures. Since
proteoglycans, among many other ECM macromolecules, are
considered morphogenetic modulators, their deficiency may re-
late to the failure to induce organized tubulogenesis of floating
islands of ADPKD cells in collagen gels. This metabolic defect
also may be pertinent to the dedifferentiated state of ADPKD
cells as demonstrated by several investigators [2—41.
During embryonic kidney development, other ECM macromol-
ecules, such as fibronectin, are expressed in the undifferentiated
mesenchyme. In line with the idea that the PKD represents a
dedifferentiated state of the cells, fibronectin expression has been
found to be increased both in vivo and in vitro forms of PKD [1].
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Fig. 8. Immunofluorescence localization of extracellular matrix glycopro-
teins in NK and PKD cell aggregates and tubular structures. Laminin: basal
localization in NK and PKD tubular structures. Note some diffusion of
immunoreactivity for laminin into the gel matrix. Collagen IV: basal
localization in a NK tubule and in 2 PKD cell aggregates. HS-PG: basal
localization in NK and PKD tubules—reactivity is reduced and discontin-
uous in the PKD tubule. Fibronectin: basal localization in NK and PKD
tubules—reactivity is more intense in the PKD tubule (X 160).
Overexpression of fibronectin has been correlated with an in-
creased amount of fibro-connective tissue produced by the inter-
stitial cells [10, 11]. The accentuated expression of fibronectin in
ADPKD cells in collagen gels not only strengthens the perception
that PKD cells have undergone a phenotypic change and are in an
undifferentiated state, but also supports the validity of the culture
system employed in this investigation.
ADPKD cells being dedifferentiated was also evident from the
lack of organized tubules, reduced population of cell surface
microvilli, and decreased immunoreactivity towards proteoglycans
and increased expression of fibronectin. These dedifferentiation
processes were also reflected in other cellular events, although not
as convincingly. For instance, in NK cells, Na,K-ATPase was
localized largely to basolateral cell membranes; however, in 10 to
20% of the cells, there was also localization to the apical cell
membrane. In the rare tubular structure formed by ADPKD cells,
Na,K-ATPase was also primarily localized to basolateral mem-
branes, although relatively more cells (30 to 40%) also exhibited
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Fig. 9. NK tubules (T) and branching tubules (A and B) in collagen and PKD cell aggregates (C) in collagen gels (A X25, B X40, C X100).
characteristics of NK cells, under the influence of various growth
factors/hormones, in collagen culture gels differ from those of
ADPKD cells. The data strengthen the perception of previous
observations that cystogenesis in ADPKD represents a differen-
tiation arrest in tubulogenesis.
Reprint requests to Frank A. Carone, M.D., Department of Pathology,
Northwestern University Medical School, Chicago, illinois 60611-3008, USA.
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